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Preamorphization of ultrashallow implanted boron in silicon on insulator is optimized to produce an
abrupt boxlike doping profile with negligible electrical deactivation and significantly reduced
transient enhanced diffusion. The effect is achieved by positioning the as-implanted amorphous/
crystalline interface close to the buried oxide interface to minimize interstitials while leaving a
single-crystal seed to support solid-phase epitaxy. Results support the idea that the interface between
the Si overlayer and the buried oxide is an efficient interstitial sink. © 2007 American Institute of
Physics. DOI: 10.1063/1.2778749
Highly activated ultrashallow boxlike doping profiles are
an important requirement for advanced planar complemen-
tary metal oxide semiconductor MOS applications.1 A
promising fabrication approach for p-channel MOS transis-
tors is the use of Ge preamorphizing implants PAIs prior to
ultralow energy B implantation. This reduces channeling and
increases electrical activation due to solid-phase epitaxial re-
growth SPER.2 For future technology nodes, bulk Si wafers
may be replaced by silicon on insulator SOI.3
Unfortunately, in both bulk Si and SOI, the PAI implan-
tation step causes an interstitial-rich “end-of-range” EOR
defect band to form on further annealing. As this EOR band
evolves, it releases self-interstitials, causing transient en-
hanced diffusion TED and boron-interstitial cluster BIC
formation which manifests itself as electrical deactivation.4
In SOI, a proportion of the emitted self-interstitials may mi-
grate to nearby sinks such as the silicon/buried oxide BOX
interface, thus reducing the amount of B deactivation that
occurs.
5
This letter quantifies the role of the BOX and shows the
dramatic advantages—in terms of reduced diffusion and
deactivation—that can be achieved by exploiting the posi-
tioning of the EOR defect band within the silicon top layer in
SOI. We will show that two distinct physical processes are
involved: the removal of interstitials at the BOX interface
following diffusion within the Si overlayer and the cutting
off of the “as-implanted” excess interstitial profile within the
BOX.
Experiments were performed on n-type 100 Czochral-
ski Si wafers with a resistivity of 10–25  cm, and on
SOITEC© SOI wafers with a nominal 145 nm BOX and a
55 nm p-type Si overlayer. The wafers were implanted with
Ge+ at 8, 20, 24, 28, 32, or 36 keV to a dose of 1
1015 cm−2, amorphizing to depths of 20, 40, 45, 50, 55,
and 60 nm, respectively, as determined by Rutherford back-
scattering spectrometry RBS and cross-sectional transmis-
sion electron microscopy XTEM. Boron was subsequently
implanted at 500 eV to a dose of 21015 cm−2 at 0° tilt and
0° twist. RBS used a 1.5 MeV He beam at 45° to the
sample.6
After implantation, samples received isochronal rapid
thermal annealings in N2 ambient, using a Process Products
Corporation 18-lamp system with lamps above and below
the sample operating with a set time of 60 s at temperatures
in the range of 700–1000 °C, considered suitable for a study
of B activation. The electrical activation sheet resistance Rs
and active dose Ns of samples was analyzed by Hall mea-
surements using an Accent HL5500 machine. Atomic pro-
files of B in selected samples were measured by secondary
ion mass spectrometry SIMS using a CAMECA Wf SC-
ULTRA instrument operating with a 0.5 keV O2+ primary
beam at 70° incidence. Oxygen flooding and stage rotation
were used to avoid ripple formation.7 The presence and
structure of extended defects were investigated by XTEM
with a weak-beam WB setting of −g ,g with g= 400,
using a FEI Tecnai F20 electron microscope operating at
200 kV.
Amorphous layer regrowth and the quality of the result-
ant crystalline Si were monitored by RBS.8,9 A comparison
of regrowth rates in bulk Si and SOI samples showed that
any systematic difference between the temperatures in the
two sample types was less than 3 °C, negligible for the pur-aElectronic mail: j.hamilton@eim.surrey.ac.uk
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pose of this study. In all SOI samples amorphized at 32 keV
and below, the Si overlayer regrew fully into single-crystal
100 Si. In contrast, SOI samples preamorphized at 36 keV
did not regrow into a single crystal.
Figure 1a shows a bright-field BF XTEM micrograph
for the case of as-implanted 32 keV Ge in SOI. A thin
4 nm layer of single-crystal Si remains between the
amorphous layer and the upper BOX interface. Figures 1b
and 1c show WB dark field micrographs for SOI and bulk
Si samples with the same implant condition, after annealing
at 700 °C for 60 s. Here, the amorphous layer is no longer
visible and the regrown region consists of single-crystal Si.
In the bulk case Fig. 1c, a band of EOR defects is visible
at a depth of 60 nm below the sample surface, but in the
SOI Fig. 1b no significant defect accumulation is found,
and high-resolution imaging not shown detects only a small
number of isolated 113	 defects close to the BOX interface.
A plausible explanation for this effect is that part of the res-
ervoir of excess interstitials that nucleate into EOR defects in
the bulk case is absent in the SOI case. The excess atom
density generated by the Ge implant in the SOI BOX re-
mains trapped there, as the diffusivity of Si in SiO2 is neg-
ligible at the temperatures used in this study.10 Only the ex-
cess interstitials created in the thin crystalline region
between the amorphous/crystalline a /c interface and the
BOX interface are available to nucleate into EOR defects,
and of these an unknown proportion may be consumed in
interface reactions.
Figure 2 reports the electrical response of SOI samples
with PAI conditions in the range of 8–32 keV. At low PAI
energies, the characteristic deactivation and reactivation of B
are observed, arising from the formation and subsequent dis-
solution of BICs.4 However, as the PAI energy is increased,
bringing the EOR defect band toward the BOX interface, the
amount of deactivation decreases very dramatically.
The effects in terms of diffusion can be seen from SIMS
profiles for the 32 keV PAI case, after annealing at 850 °C,
shown in the inset to Fig. 2. Comparing SOI to bulk Si, the
amount of TED in the SOI is dramatically reduced, the
“kink” concentration where the B diffuses out from the im-
plant is higher indicating better activation, and the junction is
much more abrupt. Indeed, the kink level in the SOI is above
the equilibrium solubility limit for B in crystalline silicon—a
result which is unprecedented in material that has not been
coimplanted to suppress TED. These beneficial effects indi-
cate that the number of interstitials reaching the B-doped
near surface region has been greatly reduced—again consis-
tent with our conclusion from the TEM analysis.
At this point, the question arises as to whether, contrary
to previously published arguments concerning interface
recombination,11 all of our results might be explained in
terms of the locking of the excess interstitial distribution
within the BOX. To test this hypothesis, we estimate the dose
of excess interstitials implanted in the residual crystalline
portion of the Si overlayer as a function of PAI energy, using
the kinetic Monte Carlo implant simulator, KING.12
The excess interstitial distributions for the as-implanted
SOI samples were integrated between the amorphous/
crystalline interface and the BOX interface to give the dose
of excess interstitials remaining within the overlayer after
amorphization. The same calculation for bulk silicon, where
the BOX is absent, gave a correspondingly larger dose of
excess interstitials. Comparison of this calculated dose to
experimental measurements of the number of interstitials in
the EOR band in bulk silicon13 then allowed us to normalize
the calculations for SOI to give the number of excess inter-
stitials NC in the EOR band for each Ge implant energy in
SOI. The resulting value of NC is shown in Fig. 3 as a con-
tinuous line. In the same plot, we show the amount of deac-
tivation caused by the interstitials from the EOR band, ex-
pressed as the difference, NBE, between the number of
carriers at 700 °C and that at the maximum measured deac-
FIG. 1. XTEM micrographs of 32 keV Ge PAI B implanted SOI and bulk Si
samples. a BF micrograph of an as-implanted SOI sample. b and c
WB −g ,g g= 400, XTEM micrographs of samples annealed at 700 °C
for 60 s in SOI and bulk Si, respectively.
FIG. 2. van der Pauw resistivity after 60 s isochronal annealings. Open
stars, squares, triangles, crosses, and circles represent 8, 20, 24, 28, and
32 keV Ge PAI in SOI, respectively. Inset are SIMS profiles of as implanted
solid line, 32 keV Ge PAI in bulk Si open squares, and SOI closed
circles annealed at 850 °C for 60 s.
FIG. 3. Dose of excess Si interstitials that flow toward the surface causing
deactivation for various values of recombination length L2
=0 ,10,30,100,, plotted together with the deactivated B dose. The results
are plotted as a function of the remaining crystal layer thickness after amor-
phization. The above quantities are represented by lines and symbols, re-
spectively error bars in some cases are smaller than symbol size.
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tivation corresponding to the Rs peaks in Fig. 2 for each
PAI energy. The assumptions made here are as follows: i no
significant BIC dissolution occurs simultaneously to the
EOR dissolution, ii during the deactivation phase a high
percentage approximated as 100% of the interstitials in the
EOR defects are released. The data are presented in the form
NBE−NB32 keV to eliminate the effect of the small
amount of “equilibrium” deactivation that occurs in the
32 keV case as a result of relaxation of the dopant from its
initially high solubility in amorphous silicon toward its solu-
bility in crystalline silicon. This effect is unrelated to the
presence of excess interstitials, occurring even in silicon that
has been treated with an excess of vacancies.14
Figure 3 shows that, as the thickness of the remaining
crystalline layer is reduced, B deactivation decreases much
more rapidly than the number of available interstitials. A
qualitative explanation is that, as the EOR band approaches
the interface with the BOX, an increasing proportion of in-
terstitials is absorbed there instead of migrating to the near
surface region. In order to quantify this picture, we use the
following simplified model. The EOR band is treated as a
simple “plane” at depth x, placed at the centroid of the ex-
cess interstitial depth distribution in the region beyond the
a /c interface. This approximation enables a simple calcula-
tion of the interstitial fluxes toward the top and bottom inter-
faces of the Si overlayer during annealing, 1=DICI,EOR/ x
+L1, 2=DICI,EOR/ d−x+L2, where DI is the interstitial
diffusivity, CI,EOR is the interstitial concentration at the EOR
depth, d is the thickness of the Si overlayer, and L1 and L2
are the recombination lengths for interstitials at its upper and
lower interfaces, respectively.
The fraction of interstitials flowing to the surface is then
given by F1= d−x+L2 / d+L1+L2. As is well known,15 the
recombination length at the surface, L1, is less than a few
nanometers during TED and can certainly be neglected in
comparison to the thickness d. We therefore have as a good
approximation F1= d−x+L2 / d+L2. This quantity, multi-
plied by the dose NC, is plotted as a family of curves in Fig.
3 for the cases, L2= 0,10,30,100, nm. In the case L2
→, for which F1→1, the BOX interface is modeled as a
reflecting boundary for interstitials, whereas in the case L2
=0, it is a perfect sink.
By treating the number of B atoms deactivated by one Si
interstitial, n, as a free parameter in a fit of F1NC to the
deactivation data, we find the best fit for the case L2=0, and
a significant increase in 2 for the L210. Moreover, the
fitted value of n is 2 for the case L2=0, but becomes un-
realistically small n1 for larger L2 values. In Fig. 3, we
have chosen to compare the number of interstitials reaching
the surface with the measured deactivation, using vertical
scales differing by a factor of 2, corresponding to the usually
observed deactivation of about two B atoms by one
interstitial.16,17 The agreement is good for all data points ex-
cept the first remaining crystal thickness of 37 nm for
which the EOR band slightly overlapped the B implant dis-
tribution. The slightly low value for this point could be a
result of direct deactivation by implanted interstitials prior to
annealing. The shape of the actual deactivation curve is
clearly best matched by a value of L2=0, indicating that the
BOX interface is an efficient sink and plays an important
role in the control of defects, deactivation, and TED in SOI
layers. Recent quantitative TEM data18 show a similar trend,
with a strong dependence on distance between EOR and
BOX.
In conclusion, we have demonstrated and explained an
optimal approach for preamorphization in SOI. Two phe-
nomena are involved: a the SOI BOX interface acts as an
efficient sink for self interstitials and b the overlap of the
interstitial profile with the BOX interface cuts the initial
number of interstitials within the Si overlayer. The conse-
quent reduction in the number of interstitials driving BIC
formation in the near surface region leads to more stable
electrical activation, less TED, and a more abrupt junction.
The optimum result is achieved by tailoring the Ge PAI to
ensure that the amorphous/crystalline interface is placed as
close as possible to the BOX, consistent with the require-
ment to maintain a single-crystal Si layer adjacent to the
upper BOX interface for reliable SPER.
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